The human inducible nitric oxide synthase (hiNOS) gene is expressed in several disease states and is also important in the normal immune response. Previously, we described a cytokine-responsive enhancer between ؊5.2 and ؊6.1 kb in the 5-flanking hiNOS promoter DNA, which contains multiple nuclear factor ␤ (NF-B) elements. Here, we describe the role of the IFN-Jak kinase-Stat ( 
R
egulation of human inducible nitric oxide synthase (hiNOS) expression involves both transcriptional and posttranscriptional control. Human iNOS gene transcription is controlled in a cell type-specific manner by extracellular cytokines (1) . Aberrant iNOS expression and excessive nitric oxide (NO) production are observed in a large variety of pathophysiologic conditions (2) . Important differences have been described between human and rodent species in the regulation of iNOS expression (2) . Therefore, it is critical to delineate the mechanisms that control hiNOS gene transcription so that therapeutic strategies can be developed to regulate hiNOS expression in various disease conditions.
Cytokine or bacterial lipopolysaccharide (LPS)-inducible NO production was originally identified by Stuehr and Marletta in LPS-stimulated murine macrophages (3) , which led to the initial cloning of the murine iNOS (miNOS) cDNA (4) (5) (6) . In contrast, it was difficult to demonstrate induced NO production from cytokine-stimulated human macrophages. However, NO production was elicited from primary human hepatocytes stimulated with the same combination of cytokines that was effective in inducing rat hepatocyte iNOS expression (7, 8) . This allowed for the subsequent molecular cloning of the hiNOS cDNA (9) and determination of the hiNOS genomic organization (10) . Early studies in both mouse and humans indicated that the regulation of iNOS expression by cytokines occurs predominantly at the level of transcription (11, 12) . Transfection of miNOS promoterreporter plasmids demonstrated that LPS or cytokine-responsive regulatory DNA elements exist within 1.0 kb of 5Ј-flanking DNA of the mouse iNOS gene (12, 13) . In contrast, hiNOS promoterreporter plasmids require DNA sequences farther upstream in the 5Ј-flanking region between Ϫ4.7 and Ϫ16 kb to exhibit cytokine-inducibility (11) .
In the miNOS promoter, LPS and͞or cytokine-inducible nuclear factor ␤ (NF-B) elements have been identified at Ϫ76 to Ϫ85 bp and at Ϫ962 to Ϫ971 bp upstream from the transcription start site (5, 14, 15) . In marked contrast, critical NF-B elements have been localized far upstream in the hiNOS promoter region from Ϫ5.2 to Ϫ6.1 kb (1), and at Ϫ8.3 kb (16) . A recent review of the NF-B signaling pathways is provided (17) .
The induction of miNOS expression by LPS and IFN-␥ has also been shown to involve the IFN-Jak-Stat (signal transducer and activator of transcription) pathway. IFN-␥ activates Jak 1 and Jak 2 kinases, which phosphorylate Stat 1. Stat 1 homodimers then interact with IFN-␥-activating sequence (GAS) elements (18, 19) . Significantly, IFN-␥ (20) , IFN-␥ receptor (21) , and Stat 1 (22) knockout mice are defective for the induction of NO synthesis by LPS and͞or cytokines. Functional ISRE and GAS elements were identified in the miNOS promoter (23) (24) (25) . Recent experiments in the murine system indicate a complex role for IFN-␣͞␤ and Jak 2 kinase in cytokine-induced miNOS transcription (26) (27) (28) . Cotransfection of a dominant-negative Jak 2 kinase with a miNOS promoter-reporter revealed that Jak 2 functions as an activator or a repressor of miNOS transcription depending on the cell type.
Pharmacological inhibition of cytokine-induced hiNOS transcription has implicated Jak 2 in the regulation of hiNOS transcription by IFN-␥ (29) . However, the precise mechanisms by which the IFN-␥-Jak-Stat 1 pathway regulates hiNOS gene expression have not been described. The present study investigates the direct involvement of the IFN-␥-Jak 2 kinase-Stat1 and NF-B pathways in the regulation of hiNOS gene transcription. Through the use of pharmacological inhibitors, NF-B and Stat 1 expression plasmids, Stat 1 mutant cell lines, and mutations of hiNOS promoter-reporter plasmids, we demonstrate a direct and complex role for both Stat 1 and NF-B in regulating hiNOS gene transcription.
Methods
Cell Lines and Reagents. The A549 human lung epithelial cell line was obtained from the ATCC and cultured in F-12K medium (GIBCO͞BRL) supplemented with 10% heat inactivated, low endotoxin FBS (GIBCO͞BRL), 100 units͞ml penicillin, 100 g͞ml streptomycin, and 15 mM Hepes, pH 7.4. The human fibroblastic cell lines, 2fTGH and the Stat 1 mutant derivative U3A, were kindly provided by Timothy Wright of the University of Pittsburgh and are described (30) . The 2fTGH and U3A cell Abbreviations: NF-B, nuclear factor ␤; Stat, signal transducer and activator of transcription; iNOS, inducible nitric oxide synthase; hiNOS, human iNOS; miNOS, murine iNOS; GAS, IFN-␥-activating sequence; LPS, lipopolysaccharide.
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lines were cultured in DMEM media (BioWhittaker) supplemented with 5% heat-inactivated, low endotoxin FCS (HyClone), 2 mM glutamine, 100 units͞ml penicillin, 100 g͞ml streptomycin, and 15 mM Hepes, pH 7. Transient Transfections and Activity Assays. DNA transfections of cells were carried out in six-well plates (Corning), using Lipofectamine (GIBCO) as described (11) . Briefly, cells were exposed to serum-free medium containing 1 g of DNA and 20 g of liposomes for 4 h, washed, and replenished with medium supplemented with 5% calf serum. Preliminary transfection experiments showed optimal transfection efficiency and low toxicity with a DNA:liposome ratio of 1:20. To control for transfection efficiency between groups, 0.5 g of a plasmid containing a cytomegalovirus promoter-driven ␤-galactosidase gene (pIEP-Lacz) was added to each well. As a positive control, cells were transfected with PRSV-Luc while transfection of the promoterless plasmid pXP2 served as a negative control. Cells were lysed with Reporter lysis buffer (Promega) or buffer containing 1% Triton X-100, 5 mM dithiotreitol, 50% glycerol, 10 mM EDTA, and 125 mM Tris-phosphate (pH 7.8). Luciferase activity was assayed with 20 l of lysate in a Berthold (Nashua, NH) AutoLumat LB 953 luminometer using a commercially available kit (Promega). ␤-Galactosidase activity was determined as recommended (Promega), using a 96-well multiplate reader with SOFTMAX software (Molecular Devices). Luciferase activity was normalized to ␤-galactosidase activity. Cotransfection experiments with the NF-B or Stat 1 expression vectors included an additional 1.0 g of the indicated expression plasmid.
Northern and Western Blotting. Northern and Western blot experiments were performed as described according to established protocol (9) .
Preparation of Nuclear and Nonnuclear Protein Fractions. Briefly, the cytokine-stimulated cells were washed and scraped into phosphate-buffered solution and centrifuged at 4,500 rpm for 5 min in a microfuge. The pelletted cells were suspended in buffer A [10 mM Tris (pH 7.5)͞1.5 mM MgCl2͞10 mM KCl͞0.5% Nonidet P-40] at Ϸ10 ϫ the packed cell volume and lysed by gentle pipetting. Nuclei were recovered by microcentrifugation at 7,000 rpm for 5 min. The supernatant was collected and stored at Ϫ80°C and represents the cytoplasmic and membrane protein fraction. Nuclear proteins were extracted at 4°C by gentle resuspension of the nuclei (at Ϸ2 ϫ the packed nuclear volume) of buffer containing 20 mM Tris (pH 7.5), 10% glycerol, 1.5 mM MgC1 2 , and 420 mM NaCl, 0.2 mM EDTA, followed by 30 min of platform rotation. The nuclear protein suspension was cleared by microcentrifugation at 13,000 rpm for 15 min. The supernatants were collected and frozen at Ϫ80 or directly used in gel shift assays. All buffers contained the following additions: 1-2 g͞ml each of aprotinin, chymostatin, leupeptin, pepstatin, 0.2 mM PMSF, 0.5 mM DTT, and 0.1 mM Na-vanadate. All steps were carried out on ice or at 4°C. Protein concentrations were measured by the Bio-Rad protein assay, using BSA as a standard.
EMSA Assays. All oligonucleotides were purchased from (GIBCO͞BRL), the sequences of which are listed in Fig. 1 , except for the SIE oligonucleotide, which was purchased from Santa Cruz Biotechnology. DNA probes were prepared by end-labeling with [␥-32 P]dATP (DuPont͞NEN) and T4 polynucleotide kinase (Boehringer Mannheim) and purified in TEN by using G-50 resin columns (Whatman). Typically, 5 l (10-20 g) of nuclear proteins was incubated with Ϸ100,000 cpm of 32 Plabeled oligonucleotides (Ϸ0.5 ng) for 2 h at room temperature. The nuclear proteins and various oligonucleotide probes were incubated in a buffer containing 10 mM Tris (pH 7.5), 10% glycerol, and 0.2% Nonidet P-40. Additionally, 2-4 g of poly (dI-dC) (Boehringer Mannheim) was included as a nonspecific competitor DNA. Protein-DNA complexes were resolved on 4% nondenaturing polyacrylamide gels in 0.4ϫ TBE running buffer (450 mM Tris borate and 1 M EDTA, pH 8.0). After electrophoresis, gels were dried and subjected to autoradiography. Antibody supershift experiments included the addition of 2 l of various antibodies, all of which were purchased from Santa Cruz Biotechnology. Purified, recombinant p50 NF-B protein was purchased from Promega.
Results

Pharmacological Inhibitors of the IFN-␥-Jak Kinase-Stat 1 Pathway
Inhibit Cytokine-Induced hiNOS Gene Expression. Previously, we described a novel enhancer between Ϫ5.2 and Ϫ6.1 kb of hiNOS promoter DNA that contained multiple NF-B elements (1). The NF-B element located at Ϫ5.8 kb was the most critical motif required for cytokine-induced hiNOS transcription as mutation of this site abrogated all inducible promoter activity. Surprisingly, this NF-B element at Ϫ5.8 kb overlapped with a predicted Stat 1 DNA-binding sequence (Fig. 1) . Additionally, the functional element at Ϫ5.2 kb also contained a putative overlapping NF-B-Stat 1 DNA-binding sequence suggesting a possible role for Stat 1 in controling hiNOS transcription. To assess the role of the Jak-Stat pathway in mediating cytokine induction of hiNOS gene expression, we used pharmacological inhibitors of the Jak 2 kinase in Northern and Western blot experiments to assess iNOS mRNA and protein expression in response to cytokine mixture. As depicted in Fig. 2A , incubation with tyrphostin A25 inhibited cytokine-induced iNOS mRNA and protein expression in a dose-dependent manner in the human A549 lung cell line. A similar effect was seen with JAK 2-Stat inhibitor tyrphostin B42 (data not shown). Tyrphostin B42 also inhibited cytokine-induced Stat 1 DNA-binding activity to the consensus Stat 1 binding oligo (SIE) in gel shift experiments (Fig. 2B) . Tyrphostin B42 had no significant negative effect on NF-B DNA-binding. These data suggest that the Jak-Stat pathway is involved in regulating cytokine-induced hiNOS expression in the A549 cells. (Fig. 1) . By chance, the original sitedirected mutagenesis construct at Ϫ5.8 kb in the context of the Ϫ7.2 kb human iNOS promoter actually altered both of the NF-B and Stat 1 DNA-binding sequences (labeled double mutant, Fig. 1 ). Therefore, we devised a more specific mutagenesis strategy to determine the individual contributions of NF-B or Stat 1 to hiNOS promoter-reporter expression. The highly selective mutant hiNOS promoter-reporter plasmids were transfected into A549 cells and tested for cytokine inducibility by luciferase assay. As expected, the cytokine mixture of TNF-␣ ϩ IL-1␤ ϩ IFN-␥ induced a 4-to 5-fold induction in luciferase activity with the Ϫ7.2 kb wild-type hiNOS promoter construct (Fig. 3) . Mutation of both the NF-B and Stat 1 elements at Ϫ5.8 kb (double mutant) completely eliminated the cytokine-induced luciferase expression. Mutation of either the NF-B or Stat 1 sites individually failed to inhibit inducible promoter activity, suggesting that binding of either transcription factor at this vicinity was sufficient for transcriptional activity. Individual cytokines did not produce any significant increase in human iNOS promoter activity in the wild-type or mutant constructs at Ϫ5.8 kb, consistent with previous work in human liver cells (11) .
To demonstrate that NF-B and Stat 1 can interact directly with the DNA sequence at Ϫ5.8 kb, gel shift experiments were performed with wild type, double mutant, NF-B mutant, or Stat 1 mutant specific oligos as described in Fig. 1 . As shown in Fig. 4 , TNF-␣ (and to a lesser extent IFN-␥), induced a protein-DNA complex at the wild-type Ϫ5.8 kb element. The combination of TNF-␣ ϩ IFN-␥ induced two distinct protein-DNA complexes. Interestingly, either p65 NF-B or Stat 1 (but not HMG-1) antibodies eliminated or retarded the migration of the protein-DNA complex. No protein-DNA binding was observed with the double mutant oligo at Ϫ5.8 kb, consistent with the lack of inducible hiNOS promoter activity when using the double mutant promoter plasmid in the transfection experiments. With The gel shift experiment shows the effects of the Jak 2 kinase inhibitor tyrophostin B42 on the nuclear DNA-binding activities of both NF-B and Stat 1. Nuclear protein extracts were prepared from cells exposed for 2 h to a cytokine mixture in the absence or presence of tyrophostin B42 as indicated. The nuclear proteins were subjected to EMSA, using the consensus NF-B or hSIE oligonucleotide probes. Blots shown are representative of three similar experiments. Fig. 3 . The cis-acting transcription element at Ϫ5.8 kb in the hiNOS promoter is a bifunctional, composite NF-B͞GAS element. The graph depicts the cytokine-induced expression of the Ϫ7.2-kb hiNOS promoter-luciferase reporter and various mutant derivatives shown in Fig. 1 . Mutation of both the NF-B and the Stat 1 elements eliminate cytokine induction of the hiNOS reporter plasmid, whereas mutation of the NF-B or Stat 1 sequence individually had no effect on hiNOS promoter activity (n ϭ 4 -6 transfections per condition).
the NF-B mutant oligo, TNF-␣ alone failed to induce a complex. IFN-␥ alone or with TNF-␣ induced a protein-DNA complex that was only supershifted by antibody to Stat 1. With the Stat 1 mutant oligo, TNF-␣ alone or with IFN-␥ yielded an inducible complex that was supershifted by antibody to NF-B. The supershift results support the notion that TNF-␣ signals through NF-B, whereas IFN-␥ signals through Stat 1. The gel shift findings, taken together with the mutant promoter transfection studies, indicate that the element at Ϫ5.8 kb in the hiNOS promoter is a composite, bifunctional NF-B͞Stat 1 element.
The Functional Element at ؊5.2 kb in the hiNOS Promoter Is a Stat 1
Binding Sequence. Previously, we demonstrated that the element at Ϫ5.2 kb in the hiNOS promoter is important for cytokineinduced iNOS transcription (1) . Like the element at Ϫ5.8 kb, the element at Ϫ5.2 kb was predicted to contain putative overlapping NF-B and Stat 1 DNA-binding sequences when compared with known consensus binding sites (31, 32) . To identify which proteins interact with the Ϫ5.2 kb sequence, gel shift assays were performed by using the wild-type or highly selective mutant oligos from the DNA sequence at Ϫ5.2 kb in the hiNOS promoter. In nuclear extracts from cytokine-stimulated A549 cells, only IFN-␥ alone or as part of a cytokine mixture induced a protein-DNA complex (Fig. 5A) . Selective mutation of the putative NF-B sequence had no effect on protein-DNA binding, but mutation of the Stat 1 site abolished all binding. These results suggest that Stat 1, but not NF-B, binds at Ϫ5.2 kb. To confirm the identity of the transcription factor recognizing the DNA element at Ϫ5.2 kb, antibody supershift experiments were performed. Only antibodies to Stat 1 protein produced a supershift in the IFN-␥-induced protein-DNA complex (Fig. 5B) . Antibodies raised against five members of the NF-B family, as well as other known IFN-inducible nuclear proteins, did not alter the protein-DNA complex (Fig. 5B) . Finally, in an attempt to determine whether we could ''force'' the binding of NF-B to the DNA site at Ϫ5.2 kb, purified recombinant p50 NF-B protein failed to recognize the Ϫ5.2 kb sequence or a consensus Stat 1 (SIE) sequence (Fig. 5C) . As positive control, the recombinant p50 protein did bind to a consensus NF-B oligo in a concentration-dependent manner. These data indicate that the element at Ϫ5.2 kb in the hiNOS promoter is a strict Stat 1 DNA-binding sequence and not an NF-B element.
The IFN-Stat 1 Pathway Is a Repressor of iNOS Gene Expression in a
Human Fibroblast Cell Line. To further address the role of Stat 1 in the regulation of human iNOS mRNA expression, we performed Northern blot experiments in the Stat 1-null human fibroblast cell line U3A, and in its parental wild-type derivative 2fTGH (30) . In the wild-type 2fTGH fibroblasts, very-low-level iNOS mRNA was detected in resting cells (Fig. 6A) . TNF-␣ caused only a minimal increase in iNOS mRNA, whereas either IFN-␤ or IFN-␥ decreased the low-level basal iNOS mRNA expression that we observed. Repression of basal iNOS mRNA expression by IFNs was not observed in the Stat 1 mutant U3A cells, which expressed a higher basal level of iNOS mRNA. In addition, in the Stat 1-null cells, either TNF-␣, IFN-␥, or combinations of TNF-␣ and IFNs were able to induce a modest increase in iNOS mRNA. Two distinct iNOS mRNA bands were observed, possibly reflecting alternatively spliced mRNA in these cells. These data suggest that the IFN-Jak-Stat 1 pathway can serve as a repressor of basal and stimulated iNOS mRNA expression in human fibroblasts.
Endogenous Stat 1 Is a Repressor of NF-B-Induced iNOS Transcription
in Human Fibroblasts. The increased level of iNOS mRNA in the human Stat 1 mutant fibroblast cell line (U3A) was a surprising finding. Because NF-B is critical for rodent and human iNOS expression, we sought to determine whether NF-B overexpression could induce the hiNOS-luciferase reporter activity in the wild-type (2fTGH) and Stat 1 mutant (U3A) human fibroblasts. Cotransfection of ectopic expression plasmids for p50 and p65 NF-B proteins in wild-type 2fTGH cells was minimally effective at inducing hiNOS reporter expression (1.5-fold). Interestingly, overexpression of NF-B in the Stat 1 mutant U3A cells induced hiNOS reporter expression Ϸ7-fold (Fig. 6B) . Addition of cytokines had no effect on hiNOS promoter activity, consistent with the low-level of cytokine inducible iNOS mRNA seen on Northern blot. Overexpression of either Stat 1 or the dominantnegative Stat 1 mutant minimally repressed the hiNOS reporter activity in either cell line. These data suggest that endogenous Stat 1 functions as an inhibitor of NF-B activity in the human 2fTGH fibroblasts. Deletion of Stat 1 in the U3A cells results in higher basal and stimulated hiNOS expression. Inhibition of NF-B function by the Stat 1 pathway provides a possible mechanism by which IFNs may inhibit iNOS mRNA expression and why certain cells are refractory to iNOS induction. This appears to be a cell-type-specific phenomenon as cotransfection of the p50͞p65 expression plasmids in the A549 human lung cells led to a 5-fold induction in hiNOS promoter activity (data not shown), similar to that seen in the Stat 1 mutant U3A cells.
Discussion
Previously, promoter regions required for cytokine-induced hiNOS transcription were mapped far upstream in the 5Ј-flanking region of the hiNOS gene from Ϫ4 to Ϫ16 kb (11) . Functionally important NF-B-like sequences have been identified at Ϫ5.2, Ϫ5.5, Ϫ5.8, Ϫ6.1 kb (1), and Ϫ8.2 kb (16) in the hiNOS promoter. In addition, inducible AP-1 binding sites have been reported at Ϫ5.1 and Ϫ5.3 kb in the hiNOS promoter (16) . However, no information exists as to the precise function of Stat 1 in governing hiNOS transcription. Therefore, the purpose of this study was to define the molecular role for the IFN-JAK-STAT 1 pathway in regulating hiNOS gene expression. The major and novel findings of these experiments are the following: (i) identification of a specific cis-acting DNA element at Ϫ5.2 kb in the hiNOS promoter that bind Stat 1 in response to IFN-␥; (ii) determination that the DNA element at Ϫ5.8 kb in the hiNOS promoter is actually a critical bifunctional motif that binds either Stat 1 and͞or NF-B in response to cytokines; and (iii) recognition that Stat 1 signaling is complex and may actually serve as a positive or negative regulator of hiNOS transcription, depending on the cell type.
In the current study, pharmacological inhibitors of IFN-␥-induced Jak kinase activity inhibited Stat 1 DNA-binding activity and inhibit cytokine-induced iNOS mRNA and protein expression in A549 human lung epithelial cells. Similar observations were reported in DLD-1 human colon epithelial cells (29) . However, it should be noted that the tyrphostin drugs have been shown to inhibit NF-B in some situations (33) ; therefore, additional experiments were done to precisely delineate the role of Stat 1 in regulating hiNOS transcription. Expression of dominant-negative Stat 1 protein inhibited cytokine-induced hiNOS promoter-reporter activity indicating a positive role for Stat 1 in regulating hiNOS transcription. Importantly, functional GAS elements that bind to Stat 1 were identified at Ϫ5.2 and at Ϫ5.8 kb in the hiNOS promoter, highlighting the marked differences from the rodent iNOS promoter where only Ϸ1.0 kb of 5Ј-flanking DNA is required to confer LPS and cytokineinducibility (12, 13) .
Nuclear extracts from human lung cells stimulated with IFN-␥ alone or IFN-␥ as part of a cytokine mixture produced strong gel-shift protein binding to the wild-type DNA oligo at Ϫ5.2 kb in the hiNOS promoter. Previously, we identified the site at Ϫ5.2 kb as being an NF-B response element (1) based on the sequence ''resemblance'' to the NF-B response element (8͞10 match). Mutation of the TT to CG decreased cytokine-inducible promoter activity by over 50% (1) . Our interpretation of the data were that we were inhibiting NF-B binding. What we failed to initially recognize was that the Ϫ5.2 kb site actually contained overlapping NF-B and Stat 1 response motifs. Therefore, we generated highly selective mutant oligos and found that mutation of the NF-B domain did not alter protein-DNA binding, but mutation of the Stat 1 domain abolished all binding. Antibody supershifts confirmed that the protein binding at Ϫ5.2 kb was actually Stat 1 and not NF-B. The importance of the DNA element at Ϫ5.2 kb was also shown in vivo in living cells where mutation of this site within the Ϫ7.2 kb hiNOS promoter construct significantly decreased cytokine-induced luciferase activity in transfection experiments in human liver and lung cells (1) . These data demonstrate that Stat 1 functions directly in the regulation of hiNOS transcription by binding to a GAS element at Ϫ5.2 kb in the hiNOS promoter DNA.
Interestingly, the DNA element at Ϫ5.8 kb was shown to be a bifunctional composite NF-B͞Stat 1 binding site. A two-point mutation that changed both cis-acting motifs (double mutant) abolished all inducible DNA binding in vitro in the gel shifts and blocked all inducible hiNOS promoter activity in vivo in the cell transfections, indicating that this Ϫ5.8 kb site is indeed critical for hiNOS transcription. One interpretation of the data is that both NF-B and Stat 1 bind in a protein-protein-DNA complex. This interaction could provide a molecular basis for the cytokine synergy required to achieve significant hiNOS expression where TNF-␣ or IL-1␤ signal through NF-B (1), and IFN-␥ signals through Stat 1 for hiNOS transcription. An alternative interpretation of the data are that binding of NF-B and Stat 1 are mutually exclusive at Ϫ5.8 kb, and that binding of either nuclear factor is permissive for the transcriptional machinery. In favor of this view is the observation that the double mutation completely abrogates inducible promoter activity, but mutation of either site alone does not diminish cytokine-driven hiNOS reporter expression. Surprisingly, we show that IFN-␥ and IFN-␣͞␤ are repressive to basal and stimulated iNOS mRNA expression in the 2fTGH human fibroblasts, and that this repression is Stat 1-dependent because it was lost in the Stat 1-null U3A cells. Further, we show that endogenous Stat 1 in the 2fTGH cells represses the 7-fold increase in hiNOS promoter activity driven by overexpression of NF-B in the U3A cells. Additionally, IFN-␥ can repress TNF-␣-induced NF-B-luciferase reporter expression in a Stat 1-dependent manner (data not shown). We believe that Stat 1-dependent repression of NF-B function may contribute to the lack of iNOS induction in human fibroblasts and other human cell types. These data indicate that the interactions between TNF-␣ and IFN-␥ and between NF-B and Stat 1 are complex, cell type-specific, and can be cooperative or antagonistic to various functions within a single cell type.
Ohmori reported (34) that synergy between TNF-␣ and IFN-␥ for induction of ICAM-1, IP-10, and MIG-1 transcription was mediated by cooperative interactions between NF-B and Stat 1 cis-regulatory elements (34) . Others have shown a direct interaction between NF-B and Stat 6 proteins (35). In the murine system, IFN-␥ has been shown to activate miNOS expression directly via Stat 1 protein-miNOS promoter DNA interaction as well as indirectly, through the IFN-␥-induced, Stat 1-dependent induction of IRF-1 gene expression (23) (24) (25) 36) . Importantly, macrophages from Stat 1 knockout mice are totally defective for induction of NO production by LPS plus IFN-␥ (22) . Splenic derived macrophages from IRF-1 knockout mice are partially defective for miNOS induction by LPS and cytokines. However, IRF-1 has no effect on miNOS induction in peritoneal macrophages from the same mouse (25, 37). Murphy's group has shown that LPS alone can induce miNOS expression in macrophages, and this requires de novo synthesis and paracrine functions of IFN-␣͞␤ (27) . Likewise, IL-1␤ alone is effective for induction of hepatocyte iNOS transcription (38) and this induction requires de novo synthesis and paracrine function of IFN-␥ (39). We propose that Stat 1 is important for miNOS and hiNOS gene expression, whereas IRF-1 serves as a cell type-specific modulator of high-level miNOS gene transcription. A role for the IRF-1 protein in the regulation of hiNOS gene expression remains undefined.
Supporting our finding that Stat 1 can serve as a negative regulator of NF-B-mediated transcription is the recent report by Wang where Stat 1 is inhibitory to NF-B function ascribed to a Stat 1-TRADD interaction at the TNF-␣ receptor complex (40) . In this study, over-expression of Stat1 decreased cytokinestimulated hiNOS mRNA levels in the U3A cells, consistent with the inhibition of NF-B driven hiNOS promoter-reporter activity that we have shown. In addition, IFN-␣ has been shown to inhibit NF-B activation in multiple cell types (41) . Sedger has shown that IFN-␥ treatment inhibits basal but not induced NF-B reporter expression in primary human fibroblasts (42) . Further, Gao has shown that prolonged exposure of mouse macrophages to IFN-␤ suppressed miNOS transcription because of altered availability of phosphorylated Stat-1␣ (43) . We postulate that IFN-and Stat 1-dependent antagonism of NF-B represents an important cell type-specific mechanism to downregulate the inflammatory response. Identification of the factors that determine cooperativity verses antagonism between these two signal transduction pathways could identify an important target for the regulation of hiNOS gene expression during chronic inflammatory conditions.
Although the regulatory circuits governing both human and murine iNOS gene transcription involve the NF-B and Stat 1 signal transduction pathways, our results highlight the marked differences between them. The relative ease of inducing miNOS expression may reflect that functionally important NF-B, IRSE, and GAS elements are localized within 1.0 kb of 5Ј-flanking promoter DNA, whereas in humans the critical elements are localized much further upstream between Ϫ5.0 and Ϫ8.3 kb of 5Ј-flanking promoter DNA. The manner by which the critical NF-B and Stat 1 elements communicate with the general transcription machinery may differ because of the distance involved for the human system. Perhaps multiple, physically interacting NF-B and Stat 1 elements are required to function from such a distance and would dictate that a rather strong NF-B and Stat 1 inducer would be required for cooperative induction of iNOS transcription in humans.
